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Background: Recently, it has been revealed that tetragonal lysozyme crystals show a phase 
transition at 307 K upon heating. The underlying mechanisms of the phase transition are still 
not fully understood. Here we focus on the study of high-frequency vibrational modes arising 
from the protein and their temperature evolution in the vicinity of Tph as well as on the detailed 
study of crystalline water dynamics near Tph.  
Methods: Raman experiments have been performed at temperatures 295-323 K including Tph. 
The low-frequency modes and the modes of fingerprint region, CH- and OH-stretching 
regions have been analyzed.  
Results and conclusions: In spite of the absence of noticeable rearrangements in protein 
structure, the high-frequency vibrational modes of lysozyme located in the fingerprint region 
have been found to exhibit the features of critical dynamics near Tph. Pronounced changes in 
the dynamics of α-helixes and Tyr residues exposed on the protein surface point to the 
important role of H-bond rearrangements at the phase transition. Additionally the study of 
temperature evolution of OH-stretching modes has shown an increase in distortions of 
tetrahedral H-bond network of crystalline water above Tph. These changes in water dynamics 
could play a crucial role in the mechanisms of the phase transition. 
General significance: The present results shed light on the mechanisms of the phase transition 


















 All biochemical processes are accompanied by phase transformations in 
biopolymers. Therefore, changes in structure and dynamics of proteins and other 
biopolymers induced by interactions with ligands, variations in temperature T, pressure 
and other environmental conditions have been intensively studied in the past decades. 
Detailed information about the phase transitions in biopolymers can be inferred from 
studies of their crystalline state. Recently, it has been found that certain protein crystals 
exhibit phase transitions induced by dehydration [1,2] or temperature variation [3-5].   
 For the first time, a phase transition in protein crystals that occurs at temperature 
change was discussed by P. Jolles and J. Berthou [6]. They demonstrated that when 
tetragonal hen egg white lysozyme crystals with space group P43212 are heated above 298 
K in a mother solution, their symmetry becomes orthorhombic with space group P212121 
[6]. Later it was found that optical properties of tetragonal lysozyme crystals also change 
with increasing temperature [7]. In particular, Kobayashi et al. showed that the 
temperature dependence (T-dependence) of the birefringence index of lysozyme crystals 
exhibits a step-like anomaly near 306.5 K [7]. These data stimulated the recent interest in 
the investigation of lattice dynamics of tetragonal lysozyme crystals in the temperature 
region where a phase transition can occur by Brillouin light scattering [3,4] and 
calorimetry [4,5]. Brillouin light scattering experiments revealed anomalies in the T-
dependences of velocity and integral intensity of the acoustic quasi-transverse phonon and 
in the velocity of the acoustic quasi-longitudinal phonon in the vicinity of 307 К. A 
similar behavior of acoustic phonons was observed earlier at phase transitions in 
ferroelectrics and ferroelastics [8]. This points to a critical lattice dynamics of lysozyme 
crystals which is a signature of the phase transition in them. The existence of phase 
transition in lysozyme crystals was also verified by ac-chip calorimetric measurements. It 
has been found that the T-dependence of heat capacity of the crystals exhibits λ-type 
anomaly in the vicinity of 303 K [4,5]. The comparative analysis of Brillouin scattering 
data [3,4] with the results of calorimetric [4,5] and optical [7] studies of lysozyme crystals 
gave a possibility to conclude that a structural phase transition indeed occurs in a 
tetragonal lysozyme crystal near 307 K (the phase transition temperature Tph). However, 
the nature of this phase transition is still unclear. 
In this work we applied Raman spectroscopy in the vicinity of Tph in order to shed light 
on particular changes in protein dynamics and dynamics of crystalline water forming 
tetragonal lysozyme crystals. The principle of Raman scattering is best described in numerous 
monographs [9-13]. Although the principle of “Raman effect” was discovered in crystals by 
L.I. Mandelstam and G.S. Landsberg and independently by C.V. Raman and K.S. Krishnan in 
liquids in 1928, its practical applications have been realized only after development of 
appropriate laser sources and powerful computer technology for data analysis. Now, Raman 
spectroscopy is widely used for determination and investigation of high-frequency excitations 
in vibrational spectrum of various kinds of materials – from inorganic [14] and organic with 
crystalline, glassy and liquid states [11,15] up to biopolymers [17-20], food [13] or biological 
tissues [21,22]. The method is non-invasive and non-destructive and, therefore, perfectly 
suited for the investigation of such fragile and sensitive objects as protein crystals. Recent 
Raman scattering studies of tetragonal lysozyme crystals were devoted to the low-frequency 
part of Raman spectra including the contributions of relaxation components and vibrational 
modes and its evolution induced by changes in content of crystalline water [18]. The analysis 
of the fingerprint region in high-frequency Raman spectra of lysozyme crystals gave a 
possibility to identify vibrational modes of some structural elements of protein macromolecule 
[19,20]. However, the effect of temperature on the crystals has been investigated mainly in 
connection with the problem of protein denaturation within the crystalline environment [19]. 
 A specific feature of all protein crystals is that they contain a considerable 
amount of water which fills in the space between regularly arranged protein molecules 
forming the crystals. Tetragonal lysozyme crystals considered in the present work 
contain up to 46% of water [23]. Recently, it has been demonstrated that dehydration 
itself can induce a structural phase transition in protein crystals. In particular, 
dehydration of monoclinic lysozyme crystals can lead to the structural phase transition 
accompanied by conformational rearrangements of the protein main chain in the region 
Gly71-Asn74, a suppression of protein rigid body motions and a dehydration-induced 
increase in number of intermolecular contacts [1]. Tetragonal lysozyme crystals have 
been also revealed to show a structural phase transition at dehydration for ~ 88% 
relative humidity which manifests itself not only as introduction of additional disorder 
in the crystal structure, but also as a discontinuity and hysteresis of the lattice parameter 
c [2]. Therefore, the first question accompanying any discussions about phase 
transitions in protein crystals concerns a role of water and changes in water content and 
dynamics in crystals which could occur at a phase transition. 
 The purpose of present work was to investigate the dynamics of (i) crystalline 
water and (ii) protein molecules forming lysozyme crystals in the vicinity of the phase 
transition that occurs at crystal heating. i) To scan the temperature behavior of 
relaxational dynamics and vibrational modes of water in the crystal, we have performed 
Raman scattering experiments in two frequency ranges. These regions, 10-400 cm-1 and 
2600-4000 cm-1, were chosen because of the following reasons: the first one has been 
previously demonstrated to exhibit relaxation component due to the water relaxational 
motions [18]; it has been also shown to contain the vibrational modes which are 
influenced by the dynamics of bulk water and water of hydration shell [24]; the second 
region includes bands of OH-group stretching vibrations. ii) The information regarding 
the high-frequency vibrational modes localized on some certain atomic groups of protein 
molecules has been obtained in detailed study of the fingerprint region of lysozyme 
crystal Raman spectra. Raman measurements with increasing temperatures were 
performed also in frequency region of CH-stretching vibrations in order to estimate if the 
fast dynamics of CH, CH2 and CH3 groups belonging to the protein undergo any changes 
at the phase transition.  
 
2. Materials and methods 
2.1 Materials 
 Hen egg-white lysozyme purchased from Fluka has been used for crystal growth 
without further purification. Tetragonal lysozyme crystals with space group P43212 
were grown by “hanging drop vapor diffusion” method at temperature ~22˚C [25]. The 
reservoir contained 6 % (w/v) sodium chloride dissolved in 0.1 M sodium acetate 
buffer, pH 4.6. Protein crystals grew in the drop containing the mixture of 6 µl 
reservoir solution and 6 µl 5% (w/v) protein solution prepared in the same buffer. 
Sodium azide was added into the solution where the crystals were grown to prevent 
bacterial contamination. In order to perform each Raman scattering experiment we used 
one single lysozyme crystal with plate-like shape [25] packed in the glass capillary with 
some amount of solution where the crystal was grown. It was done to avoid water 
evaporation form the crystal. The crystals with the sizes of about 0.3×0.3×0.5 mm3 
were chosen for Raman experiments. 
2.2 Raman scattering experiment 
Raman spectra have been recorded by two different spectrometers that gave a 
possibility to investigate different frequency ranges. The first experimental setup which allows 
exploring the low-frequency domain down to 7 cm-1 consists of Argon-Krypton Coherent laser 
(wavelength λ=514.5 nm) used as an excitation source, XY Dilor spectrometer and CCD 
camera for data accumulation. The Raman spectrometer includes a double monochromator 
grating dispersion system composed of four mirrors with a long focal length coupled to an 
additional grating system of the spectrometer. Keeping the entrance, intermediate and exit slits 
opened at ~ 150 µm allows high rejection of the elastic scattered light. These experimental 
conditions lead to a resolution less than 1.5 cm-1 for the 514.5 nm incident light. The capillary 
with the lysozyme crystal was mounted in the goniometer in front of incoming regulated 
nitrogen-flow from the Oxford device for temperature control. The sample has been heated 
gradually from 293 K up to 320 K with the accuracy of temperature maintenance of ~ 0.5. The 
incident laser beam was directed into the crystals on the other side of the crystals and Raman 
spectra were collected in backscattering geometry. 
 Since anisotropy is an intrinsic property of any crystals including tetragonal 
lysozyme crystals, Raman spectra are dependent on crystal orientation with respect to 
the wave-vector of incident and scattered light and polarizations of their electric fields 
[9,10]. Unfortunately, it was not possible to obtain polarized low-frequency Raman 
spectra of lysozyme crystals as well as to mount the single crystal under the microscope 
for appropriate crystal axis orientation because of strong loss in signal intensity. 
Therefore, in order to follow the temperature evolution of Raman spectra associated 
with the changes in the dynamics of crystal lattice and exclude the influence of crystal 
reorientation, the same single crystal with a fixed orientation was measured during the 
whole experiment. 
 In order to measure Raman spectra at frequencies higher than 400 cm-1 Renishaw 
InVia Raman microspectrometer consisting of a single-grating spectrograph coupled to an 
optical Leica microscope was used. The excitation sources with different wavelengths could 
be chosen depending on the frequency range investigated. A red laser (λ= 785 nm) was used to 
scan a frequency range of 400-1850 cm-1 whereas a Coherent Argon laser with λ=514.5 nm – 
to probe CH and OH stretching vibrations at frequencies 2800-4000 cm-1. The experiments 
with different laser sources have been performed separately with two different lysozyme 
crystals having similar shape and sizes. Each crystal packed into the glass capillary was placed 
under the 50X long-working distance objective, directly on the metallic surface of microscope 
goniometer with temperature control. The temperature of the crystal was increased from 295 
K up to 323 K stepwise and maintained with the accuracy of 0.1 K during the experiment by a 
THMS 600 Linkam temperature controller. The crystal was kept 10 min. at each temperature 
point before spectrum recording. The grease “no name” between capillary and metallic surface 
facilitated thermal conductivity. The use of the microscope allowed focusing of incident light 
in the volume of ~ 150 µm3 inside the lysozyme crystal and an appropriate orientation of the 
crystals with respect to the incident light. 
For crystal materials the number of Raman active-modes that can be detected by 
Raman spectroscopy mainly depends on the crystal symmetry, scattering geometry and 
polarizations of incident and scattered light. In our Raman experiments performed in 
frequency ranges 400-1850 cm-1 and 2800-4000 cm-1 the laser light was vertically polarized 
and directed perpendicular to the plate (110) of lysozyme crystal, the scattered light was 
collected in back-scattering geometry as it is shown in Fig. 1. The polarization of scattered 
light was not registered (an analyzer was not used). Since the crystal rotates the polarization of 
laser light, the electric field of the light scattered in the crystal can be decomposed to the 
projections on the axes x and z. Thus, the scattered light could be considered as a 
superposition of xz (crossed polarizations of the incident and scattered radiations) and zz 
polarization (parallel polarizations of the incident and scattered radiations) geometries. The 
polarized Raman experiment performed for frequency range 400-1800 cm-1 with the same 
crystal orientation demonstrated the presence of strongly polarized, strongly depolarized and 
partially depolarized Raman lines [20]. The overwhelming majority of all Raman active-
modes in the frequency range 400-1850 cm-1 (fingerprint region) manifests itself in case of zz 
geometry and, therefore, can be observed in our experiment. In contrast to fingerprint region, 
it was proven by Raman measurements performed at different polarizations that vibrational 
bands of C–H, N–H and O–H groups observed in high-frequency region 2600-4000 cm-1 don’t 
depend on the polarization [20]. It is explained by the fact that there exist a vast amount of 
randomly oriented C–H, N–H and O–H groups in any protein crystal. 
Since the bands in recorded Raman spectra had a very well distinct shape, the standard 
fitting procedure using Gaussians and Lorentzians has been performed. PeakFit v4.12 (Systat 
Software Inc. [26]) was used to fit the spectra. The molecular graphic program CCP4MG 
version 2.9.0 was utilized to plot lysozyme molecule and mark amino acid residues in it. 
 The low-frequency Raman scattering data for dry lysozyme powder and 20% 
aqueous lysozyme solution were taken from paper of A. Hédoux et al. [24]. The high-
frequency Raman spectra in the range of OH-stretching bands for water [27] and dry 




3. Results and Discussions 
 
3.1 High-frequency vibrational modes of lysozyme and their behavior in the 
vicinity of Tph 
 
 3.1.1 Fingerprint region of Raman spectra (400-1850 cm-1) 
The Raman spectra analysis in the fingerprint region can provide information 
about vibrations of aromatic amino-acid residues and disulfide bonds as well as the 
dynamics of protein secondary structure based on amide I and amide III bands and 
modes related to polypeptide backbone. Fig. 2 shows Raman spectra of the tetragonal 
lysozyme single crystal with the assignment of some bands to the vibrations of certain 
structural elements of lysozyme molecule. The interpretation of peaks was made 
according to the previous investigations of monoclinic and tetragonal lysozyme crystals 
[19,20], lysozyme solution [29] and hydrated powder [17]. The list of bands considered 
in the present work and their respective interpretation are summarized in Table 1.  
 The fingerprint region in Raman spectra of lysozyme crystal measured at 
different temperatures is shown in Fig. 2. It can be seen that the Raman intensity of 
light scattering in the crystal drops significantly with increasing temperature above 304 
K. According to the fluctuation-dissipation theorem, the spectral function S(ω) is 
proportional to the imaginary part of susceptibility χ”(ω) [4,30]. Thus, the integral 
intensity of vibrational modes is proportional to the static real part of the susceptibility 
χ’(0).  Therefore, the drop in integral intensity can be explained by the change of the 
susceptibility at the phase transition. In the temperature interval from 304 K up to 310 
K a further sharp decrease in intensity of Raman spectra is observed, while the intensity 
starts to increase again above 313 K accompanied with the reconstruction of the 
previous spectrum quality. An example of the changes in integral intensity as function 
of temperature is given in insert in Fig. 2 showing the intensity of Trp band located at 
759 cm-1. This temperature behavior can be generalized to all other bands of the 
spectrum. The first anomaly in T-dependence of intensity is assigned to the phase 
transition in the crystal. The mean temperature of this anomaly (~307 K) is the same as 
Tph found in Brillouin light scattering and calorimetric experiments [3-5]. We associate 
the following rise in intensity with crystal dehydration. This conclusion has been made 
based on the detailed study of water dynamics in lysozyme crystals by Raman 
scattering at low frequencies and at frequencies of OH-stretching region (the data are 
presented in Section 3.2). Dehydration of the crystal used for the study of fingerprint 
region occurred above 314 K; the crystal used for studying of CH stretching region 
showed first signs of losing crystalline water above 319 K.  
 In order to clarify which modes are affected by the phase transition, the 
temperature evolution of Raman bands corresponding to some selected vibrational 
modes have been investigated.   
 
3.1.1.1  Secondary structure of polypeptide backbone  
Amide-I band. The amide-I band is mainly associated with C=O stretching vibrations 
(~80%) and some additional contributions from N–H bending and C–N stretching vibrations 
as well as C–C–N deformations [17,29]. The position of the amide-I peak in Raman spectra 
depends on the strength of hydrogen bonds formed by dipole-dipole interactions between C=O 
and N–H groups of amide. An inherent difference in strength of hydrogen bonding in α-helical 
structures, β-sheets, β-turns and other structural elements leads to the variation of frequency of 
the amide-I band depending on secondary structure content of a protein. Therefore, the 
analysis of the amide-I band’s temperature behavior in the vicinity of Tph gives a possibility to 
conclude if the phase transition is accompanied by changes in secondary structure of lysozyme 
molecule.   
 In the spectra of tetragonal lysozyme crystal, the amide-I band is clearly observable at 
1659 cm-1 (Fig. 3a). It is assumed to be sensitive to the conformation of α-helical secondary 
structure of polypeptide chain and is frequently used to determine changes in α-helix content 
or strength of hydrogen bonding [31]. The native structure of hen egg-white lysozyme 
contains a relatively big amount of α-helical structures (40-42%) which are organized in four 
α-helixes stabilizing the α-domain [32]. Their vibrational motions give a significant 
contribution to the Raman spectra. The T-dependences of Raman frequency and width of the 
amide-I band obtained for the lysozyme crystal (Fig. 3b) exhibit pronounced anomalies: (i) the 
band undergoes slight downshift near 306 K and then an upshift back to its original position at 
further crystal heating above 314 K; (ii) the width of the band sharply increases in the vicinity 
of 306 K, but above ~ 314 K the peak narrows again. The anomalies near 306 K are evidence 
of the phase transition in the crystal while the changes at 314 K are supposed to be due to 
crystal dehydration. The amide-I frequency downshift near Tph indicates the compression and 
strengthening of hydrogen bonds in α-helixes of lysozyme molecules. Such a relation between 
frequency shift of the amide-I band and changes in H-bond network was demonstrated in a 
study of lysozyme denaturation upon pressurizing [28]. It was found that the pressure increase 
in lysozyme solution induces a decrease in frequency of CO stretching bands involved in 
CO···H hydrogen bonding [28]. The broadening of the amide-I band at the phase transition 
points to structural disorder on the local level. We don’t attribute any observed anomalies in 
the amide-I temperature behavior to the unfolding of α-helixes because the thermal 
denaturation of lysozyme occurs at temperatures around 343 K and the usual distortion of the 
amide-I band-shape associated with the secondary structure unfolding is not observed in the 
present work [24,33]. 
Amide-III band. The amide-III band originates mainly from the N-H bending and the C–N 
stretching vibrations and includes a small contribution from C=O in-plane bending and C–C 
stretching vibrations [31]. It is extremely sensitive to the changes in protein backbone 
conformations and can be associated with different types of secondary structure depending on 
the frequency range where it appears. In the Raman spectra of lysozyme tetragonal crystal 
amide-III bands were identified at 1235 cm-1 and 1259 cm-1 (Fig. 3c) which correspond to β-
sheet and disordered structures, correspondingly. These are the only bands in fingerprint 
region of lysozyme crystal Raman spectra which shift towards higher frequencies (for ~2 cm-
1) above 306 K (Fig. 3d). Further heating of the crystals above ~314 K is accompanied by a 
downshift of the bands back to the frequencies recorded at room temperatures. In spite of the 
fact that the peaks look broadened above Tph because of the extreme decrease in intensity (Fig. 
2), the T-dependences of widths of both bands are smooth and don’t exhibit any anomalies in 
the vicinity of Tph (data are not shown). Usually an upshift of a mode is theoretically 
interpreted to be due to more dense packing and bond strengthening [34]. However, it could be 
different in case of NH···O hydrogen bonding [28]. 
N-Cα-C main-chain vibrations. The bands with maximums located at 899 cm-1 and 932 cm-
1
 are associated with the stretching vibrations of N-Cα-C of protein main chain (Fig. 3e) 
[17,31]. The both bands correspond to the vibrations in α-helixes. Crystal heating above the 
phase transition (~306 K) is accompanied by the slight downshifts of the bands (Fig. 3f) that 
can be due to a compression of α-helical structures in the high-temperature phase [28]. Such a 
behavior agrees well with temperature evolution of the amide-I band which points to the 
strengthening of hydrogen bonds in α-helixes above Tph. 
 
3.1.1.2 Raman markers corresponding to side group vibrations  
The most pronounced bands observed in the Raman spectra of proteins are arising from the 
vibrations of aromatic side chain groups and disulfide bonds [31]. Lysozyme contains all five 
varieties of aromatic groups [32], but contributions of only three of them are visible in Raman 
spectra of tetragonal lysozyme crystals (Fig. 2). In particular, the vibrations of Trp are 
distinguishable as bands at 759, 875, 1010, 1336, 1361, 1552 and 1579 cm-1, Tyr modes can 
be identified at 835, 858, 1176, 1194, 1209 and 1613 cm-1 and Phe bands manifest themselves 
at 621, 1003 (the most intensive characteristic band of Phe) and 1209 cm-1. In addition, the 
bands of Met side groups (695 and 721 cm-1) and disulfide bridges (507 and 525 cm-1) can be 
identified in spectra of lysozyme crystals [19,20,29,31]. It is seen in Fig. 2 that intensity of 
light scattered in lysozyme crystal drops significantly when the temperature is approaching 
Tph. As a consequence it becomes complicated to analyze the temperature evolution of some 
Raman peaks in high-temperature phase. Only the vibrational modes with clearly defined T-
dependences of Raman shift and bandwidth in the whole investigated temperature range are 
considered here. 
Trp bands. The polypeptide chain of hen egg-white lysozyme contains six tryptophan 
residues [32]. They are localized in positions 28, 62, 63, 108, 111 and 123 of protein primary 
structure (Fig. 4, insert). Trp-62 and Trp-63 lie in the active-site cleft of lysozyme molecule 
from the side of β-domain while Trp-108 contributes to the surface of the active-site cleft from 
the side of α-domain. The indole ring of Trp-123 lies roughly parallel to the surface of protein 
molecule, partly shielding Cys-30 from the contact with surrounding liquid [32]. All four 
mentioned Trp residues are exposed to the solvent and can participate in the formation of 
hydrogen bonds with the water of primary hydration shell. Contrary to them Trp-28 and Trp-
111 are buried into the hydrophobic interior. Raman bands of Trp residues are sensitive to the 
changes in hydrophobicity of indole ring environment, hydrogen bonding, Trp conformations 
and cation-π interactions [35].  
 The commonly accepted indicator for hydrophobic/hydrophilic environment of 
tryptophan indole ring for proteins in solvent is also relative intensity of Fermi doublet 
(vibrational mode W7) at 1360 and 1340 cm-1. For the tetragonal lysozyme crystal the 
doublet was identified in Raman spectra at 1336 and 1361 cm-1. It originates from 
Fermi resonance between a fundamental band of in-plane N1=C8 vibration of indole 
ring and one or more combination bands of out of plane vibrations [17,31]. If the 
relative intensity of the Fermi doublet I1361/I1336 is smaller then 1, a tryptophan is 
assumed to be in hydrophilic environment or exposed to aqueous solution. And 
opposite, if the ratio is larger than 1, it is surrounded by hydrophobic environment, for 
example, is situated in the protein hydrophobic core [31]. For tetragonal lysozyme 
crystals the ratio of intensities I1361/I1336 at room temperature is ~ 0.12-0.18 that is 
explained by the fact that the four of six Trp residues of lysozyme molecule are 
exposed to water hydration shell. The variation of I1361/I1336 value in the vicinity of Tph 
is diminutive that is an evidence of stable positioning of Trp residues and absence of 
any changes in hydrophobicity of the Trp microenvironment upon heating.  
 The other Trp marker is W3 mode with the frequency near 1552 cm-1 (Fig. 3a). 
It arises from the C2=C3 stretching vibrations of indole ring and is usually used as a 
conformation marker because the peak position is sensitive to the changes of the torsion 
angle (χ2,1) about the C2=C3–Cβ–Cα linkage [35]. Our experimental results show that 
the position of the band remains the same over the whole temperature interval while the 
bandwidth gets broader upon heating above 307 K (Fig. 4). The broadening of the band 
is consistent with the view that vibrations of indole rings become more disordered 
above Tph. It either can be a result of increased fluctuations around the C2=C3–Cβ–Cα 
linkage of some or all six Trp residues. 
Tyr bands. Lysozyme contains tree tyrosine residues, in particular, Tyr-20, Tyr-23 and Tyr-
53 (Fig. 5, insert) [32]. The first two are situated in helical domain while the third is in β-
domain.  All tyrosine residues are located close to the surface of lysozyme molecule.     
 Only one band of Tyr residues exhibits well defined temperature dependence 
(Fig. 5). It locates at 1613 cm-1 (mode Y8a; an example of spectrum fitting in the 
frequency range of the band is shown in Fig. 2a) and originates from the C-C stretching 
vibrations within the aromatic ring [31]. The frequency of 1613 cm-1 Tyr band 
decreases above Tph = 307 K. The downshift of the band can be due to changes of 
hydrogen bond strength between Tyr and water of primary hydrogen shell. This shows 
close relationship between rearrangements in water and protein dynamics. 
C-S Stretching band. Lysozyme contains two Met residues (Met-12 and Met-105) 
buried in hydrophobic core of protein molecule (Fig. 6a, insert). The Met band can be 
identified in Raman spectra of lysozyme crystal at 694 cm-1 (Fig. 6a). This mode 
originates from C–S stretching vibrations of –S–CH2–CH2–group conformer in gauche 
conformation obtained by rotation around –S–CH2– bond [17]. It can be seen in Fig. 6b 
that the Raman shift of the band undergoes a subtle downshift above Tph=307 K while 
the width distinctly narrows near the same temperature. The variation in the band 
frequency points out to the local conformational changes near Met residues which 
might lead to an additional extension of C–S stretching vibrations. Since the width of 
the band gets narrow in the vicinity of the phase transition, most probably the 
conformational rearrangements lead to the ordering of Met group vibrations.  
Bands of disulfide bonds. The three-dimensional structure of lysozyme is stabilized by 
4 disulfide bridges [32]. Three of them, Cys6-Cys127, Cys30-Cys115 and Cys64-
Cys80, have a gauche-gauche-gauche (ggg) conformation. Their vibrations give rise to 
the strong line at 507 cm-1 in the Raman spectra of lysozyme crystal. The 506 cm-1 
band can be characterized in whole investigated temperature range. The T-dependences 
of its frequency and bandwidth exhibit anomalies near 307 K. In particular, the band 
gets broader and shifts to lower frequencies with increasing temperature demonstrating 
an additional disordering and stretched vibrational motions above Tph (data are not 
shown). 
 
3.1.2 CH stretching region (2800-3100 cm-1) 
Lysozyme like other proteins exhibits CH stretching vibrational bands in the 2800-
3100 cm-1 frequency region of Raman spectrum. They originate from fundamental CH 
stretching vibrations, Fermi resonance between different CH stretching vibrations or their 
overtones [36-38]. The discrete bands observed in CH region can be assigned to symmetric 
and asymmetric vibrations of methyl CH2, methylene CH3 groups and to =C-H groups of 
unsaturated and aromatic amino acid residues [38]. Since methyl and methylene groups are 
distributed over whole protein molecule, variations in parameters of corresponding bands 
provide information about general features of fast protein dynamics, and hydrophobic core of 
protein, in particular. Beside protein molecules, lysozyme crystals include CH3 groups of 
acetic acid and sodium acetate used to prepare sodium acetate buffer for lysozyme crystal 
growth. However, CH stretching bands of both these compounds are present in Raman spectra 
at frequencies different than protein CH stretching bands and, consequently, don’t affect the 
analysis of C-H region of protein Raman spectra [16,39,40].  
 The CH region of lysozyme crystal Raman spectra contains five well-resolved 
bands located at 2875 cm-1, 2907 cm-1, 2933 cm-1, 2964 cm-1 and 3059 cm-1 (Fig. 7). 
The most probable assignment of the bands to vibrations of protein groups were made 
on the basis of literature. We ascribe the 2876 cm-1 and 2964 cm-1 bands to symmetric 
and asymmetric stretching vibrations of CH3 groups [38], the bands at 2907 cm-1 and 
2933 cm-1 – to symmetric and asymmetric stretching vibrations of CH2 groups, 
respectively [11,21,38], and the 3059 cm-1 band – to =C-H stretching vibration of 
aromatic residues [11,38]. It is necessary to note that interpretation of CH stretching 
bands of proteins is not a straightforward task: such complex substances as proteins 
contain a vast amount of CH groups belonging to different amino acid residues and 
exposed to different microenvironment that leads to overlapping and broadening of 
some bands. As a result, Raman spectra of monomers in liquid or solid states could 
differ strongly from spectra of polypeptide chains. Therefore, there exist still some 
contradictions in peak assignment. For example, the main CH band at 2933 cm-1 
observed in Raman spectra of various proteins is also attributed to totally symmetric 
stretching vibration of CH3 functional groups [11,20]; the bands at 2875 cm-1 and 2964 
cm-1 might include contributions from R3CH and α-CH stretching vibrations, 
correspondingly [38]. 
 The analysis of lysozyme crystal Raman spectra measured upon crystal heating 
from 294 up to 330 K allowed to plot T-dependences of frequencies and bandwidths 
(half-width at half-maximum (HWHM)) of all bands present in CH region. The data for 
four bands are shown in Fig. 8. It is clearly seen that all of them exhibit pronounced 
anomalies near 305 K which are due to the phase transition in the lysozyme crystal. 
Structural phase transitions in inorganic materials are accompanied by temperature 
behavior of optical phonons similar to the behavior of CH-stretching modes of 
lysozyme crystals [14]. 
 In the following we consider in more detail which particular changes occur with CH 
modes in the lysozyme crystal under heating. As can be seen in Fig. 8, frequencies and 
bandwidths of bands located at CH region of lysozyme crystal Raman spectra vary with 
temperature quite differently. The phase transition is accompanied, on one hand, by ordering 
of symmetric CH3 stretching vibrations and disordering of asymmetric one that can be 
concluded from the corresponding changes in bandwidth of 2876 and 2964 cm-1 bands, 
respectively, and, on the other hand, by disorder of symmetric CH2 vibrations and ordering of 
asymmetric as evidenced through the broadening and narrowing of 2906 and 2932 cm-1 bands 
above 305 K. Such opposite changes in bandwidths of symmetric and asymmetric bands 
encourage the idea that an interaction between those vibrational modes might exist: 
disordering in one type of vibrations is associated by ordering of the other one. The 
frequencies of the both CH3 vibrational modes decrease in values above Tph whereas CH2 
stretching modes exhibit the opposite behavior – their frequencies increase above Tph. The 
temperature evolution of the 3059 cm-1 band arising from stretching of =C-H groups of 
aromatic side chains is not shown. It was difficult to make a conclusion regarding the 
frequency changes as a function of temperature for this band due to big error bars. However, 
the bandwidth of 3059 cm-1 band demonstrates the T-dependence similar to νas(CH3) and 
νsym(CH2) modes. 
3.2 Dynamics of crystalline water
 
 
3.2.1 Low-frequency Raman studies (10-400 cm-1) 
 An example of low-frequency Raman spectrum of lysozyme crystal measured at 
295 K and the results of its fitting are depicted in Fig. 9a. It looks similar to the spectra 
presented by Urabe et al. for similar tetragonal lysozyme crystals obtained in polarized 
Raman scattering experiment [18]. In spite of strict ordering in arrangement of protein 
molecules in crystal structures, the low-frequency Raman spectra of the crystal 
resemble the spectra of disordered systems [12,28]: they include overlapping 
contributions of quasi-elastic scattering (QES) and vibrational modes (Fig. 9a). This 
can be explained by the presence of water in the crystal which facilitates protein 
dynamics playing a role of plasticizer, on one hand, and exhibits the features of its own 
dynamics in Raman spectra, on the other hand.  
 So, the spectrum presented in Fig. 9a contains a clearly distinguishable QES 
appearing due to the relaxational motion of crystal water [18] and peaks corresponding 
to low-frequency vibrational modes. The relaxation component was fitted by a 
Lorentzian centered at 0 cm-1, while for the vibrational modes log-normal distributions 
and Gaussians were used. 
 In order to analyze the temperature behavior of low-frequency vibrational modes 
we first subtracted the QES contribution from the reduced Raman intensity Ir(ω) and 
then the reduced intensity was transformed to the imaginary part of dynamic 
susceptibility χ”(ω) using the equations: 







=                                                                     (1) 
( ) ( )rIχ ω ω ω′′ =                                                                    (2) 
  ( ) ( ) 1B nω ω= +   , ( ) ( ) 1exp 1hn kTωω − = −                                          (3) 
where I(ω) is an observed Raman intensity, B(ω) and n(ω) are the temperature and 
Bose factors, respectively [12,18,24,28]. The dynamic susceptibility χ”(ω) obtained 
from the Raman spectrum of lysozyme crystal shown in Fig. 9a by the described 
procedure is represented in Fig. 9b. Again, log-normal distributions and Gaussians 
were used for fitting the peaks corresponding to the vibrational modes. 
 The comparison of χ”(ω) of lysozyme crystal with χ”(ω) of dry lysozyme and 
lysozyme solution allowed us to identify low-frequency modes of lysozyme crystal 
originating purely from protein dynamics and modes which are induced or influenced 
by presents of water in the system. Fig. 10 shows those χ”(ω) of all mentioned systems 
obtained at room temperature Troom and a spectrum of lysozyme crystal recorded at 
elevated temperature of 310 K. The common feature of all the spectra is a presence of 
intensive vibrational mode at ~ 70 cm-1 assigned to the protein dynamics [24,28,41]. It 
has been previously observed also in Raman spectra of different proteins in dry state 
and protein solutions [24,28,41]. In the case of lysozyme crystal and lysozyme solution 
the low-frequency side of the band associated with protein dynamics is broader than in 
case of dry lysozyme, in other words - it features a shoulder around 50 cm-1. Since the 
band at ~ 50 cm-1 is present in Raman spectra of pure water and its nature has generally 
be explained by the caging effect [42,43], it could be assumed that the band at ~ 50 cm-
1
 in χ”(ω) of lysozyme crystal reflects a water-protein interaction. It is also worth 
noting that this band’s intensity increases during lysozyme thermal denaturation which 
was interpreted to be due to water penetration into the protein interior [24]. The 
spectrum of the lysozyme aqueous solution in Fig. 10 differs from others by the broad 
hump around 170-180 cm-1. It originates from intermolecular OH stretching vibrations 
in bulk water [42,43]. An additional increase in intensity in the spectrum of lysozyme 
crystal with respect to the spectrum of dry lysozyme in the 150-230 cm-1 frequency 
range is likely associated with the contribution of collective vibrations of water 
molecules in the H-bond network of bulk water filling in the space between lysozyme 
molecules. 
 The comparison of lysozyme crystal low-frequency Raman spectra measured at 
Troom and after heating up to 310 K (Fig. 10) gave the possibility to reveal some 
features of vibrational modes temperature evolution that could be due to the phase 
transition. In particular, the temperature increase above Tph leads to a change in 
frequency of the band associated with protein dynamics. The T-dependence of 
frequency maximum of the band located at ~ 70 cm-1 is plotted in Fig. 11. It exhibits 
monotonic behavior with gradually increasing frequency and a kink at ~ 303 K, the 
temperature close to the presumable temperature of the phase transition in compliance 
with previous Brillouin light scattering and calorimetric experiments [3-5]. Above 303 
K the T-dependence of the frequency continues to show a gradual increase but less 
steep than below Tph. In general, the hardening of the vibrational mode seems to be 
very unusual behavior upon heating. It could be therefore assumed that the protein 
dynamics are affected by the changes in the surrounding water. 
 The spectra at elevated temperature also feature a slight variation in intensity in 
the range 150-230 cm-1. An appropriate fit of 150-230 cm-1 region using a single 
function which would describe the whole high-frequency shoulder is not possible in 
case of lysozyme crystals. The low-frequency Raman spectra of the crystal are 
composed of the lattice modes overlapping with the internal modes of lysozyme 
molecule existing because of molecular flexibility and modes of water. Therefore, 
multiple Gaussian functions were used to reach the best fit of the curve at 150-230 cm-1 
(Fig. 9b). However, it can be seen in Fig. 10 that χ”(ω) of lysozyme crystal is 
approaching χ”(ω) of dry lysozyme at crystal heating that is an evidence of change in 
the dynamics of H-bond network of water. 
 Relaxational dynamics of water built in to the lysozyme crystal manifests itself 
as a QES observable in low-frequency Raman spectra (Fig. 9a). The water of protein 
crystals can be situated in the close proximity of protein molecule surface forming the 
so-called hydration shell. The other water fraction, bulk water, fills in the space 
between protein molecules. The relaxation time, estimated from the width of relaxation 
component, was found to be ~ 0,6·10-12 sec at 298 K. This value is similar to that of 
bulk water at the same temperature determined by Raman spectroscopy previously 
[18,44]. The T-dependence of intensity of relaxational component is plotted in Fig. 12. 
It is seen that the intensity is rising monotonically up to 313 K indicating a gradual 
increase of molecular mobility. Above 313 K the further temperature rise is 
accompanied by the decrease in QES intensity. According to previous investigation of 
tetragonal lysozyme crystals with different water contents, there exist pronounced 
correlation between the water amount in the crystals and intensity of relaxational 
component [18]: the drier the crystals, the lower the QES. Therefore, the observable 
decrease in QES intensity above 313 K can be supposed to be due to the start of crystal 
drying, and, in particular, a removal of water molecules weakly bound to the protein 
molecules and not belonging to the hydration shell. So, water removal from lysozyme 
tetragonal crystals occurs here at higher temperature relative to Tph as it has been found 
by Brillouin light scattering and calorimetric investigations where the onset was 
detected at ~ 307 K [3-5]. The relaxational motions of protein molecules also 
contribute to QES of lysozyme crystals. However, this contribution cannot be clearly 
distinguished due to longer protein relaxation times relative to bulk water. 
 
3.2.2 Analysis of OH-stretching region (3100-4000 cm-1) 
Since the overwhelming majority of OH groups of lysozyme crystals are a part of water 
molecules we have investigated OH stretching region laying from 3100 to 3800 cm-1 to 
estimate the change in water content upon crystal heating and to analyse simultaneously the 
rearrangements in hydrogen bond network possibly accompanying the phase transition. The 
Raman spectra of tetragonal lysozyme crystal measured at 295 K and 319 K and the spectrum 
of dry lysozyme powder recorded in the frequency range of CH and OH stretching vibrations 
are plotted in Fig. 13. The Raman intensity was normalized by the integral intensity of the CH 
stretching bands, only distinctive of the protein. Consequently, the difference in integral 
intensities between OH stretching bands for dry and crystalline lysozyme results from the 
presence of water. Since the intensities of OH bands are strongly modified by crystal heating 
from 295 K up to 319 K, the further determination and analysis of their T-dependences is 
important.  
 The difference spectrum of dry lysozyme and crystalline lysozyme is compared 
with the spectrum of water in Fig. 14a (after normalization by the integral intensity in 
the region 3000 – 3800 cm-1). The OH stretching spectrum of water is composed of 
three broad bands determined by a fitting procedure and plotted as dashed lines in Fig. 
14a. Band (I) is assigned to the OH stretching vibrations in water molecules within the 
tetrahedral H-bonded network, band (II) to vibrations in water molecules within a 
distorted tetrahedral H-bonded network, and band (III) to vibrations of free O-H groups 
[15]. Fig. 6a shows that the intensity of band (I) in lysozyme crystals is significantly 
lower than that in the spectrum of water. This indicates that the H-bond network of 
water in lysozyme crystals is more distorted than in bulk water. 
 Raman spectrum of the lysozyme crystal collected at 302.5 K and its fitting is 
depicted in Fig. 14b. Peaks (I) and (II) can be clearly identified in Raman spectrum of 
lysozyme crystal. A sum of peaks (I) and (II) integral intensities is plotted as a function 
of temperature in Fig. 15. To plot this dependence, the data analysis was performed 
using the original Raman spectra. In order to remind the physical meaning of integral 
intensities of vibrational modes, it is necessary to note that the spectral function S(ω) is 
proportional to the imaginary part of susceptibility χ”(ω) according to the fluctuation-
dissipation theorem [3,30]. Thus, the integral intensity of vibrational modes is 
proportional to static real susceptibility χ΄(0). The T-dependence shown in Fig. 15 
exhibits a monotonic decrease with temperature increasing up to ~ 302 K following by 
the pronounced anomalous rise between 302 and 307 K. We attribute this anomaly to 
the phase transition in the crystal. Further temperature increase (above 307 K) leads to 
a monotonic T-dependence of integral intensity. However, at ~ 319 K the value of 
integral intensity starts to drop significantly due to the crystal drying. Thus, the phase 
transition in tetragonal lysozyme crystals, which manifests itself as an anomaly in 
II+III(T) dependence, occurs at temperature lower than the dehydration temperature and 
is not accompanied by the water removal from the crystals. 
 To analyse separately temperature changes in intensities of bands (I) and (II) in 
crystal spectra while crystal heating (Fig. 16), we used spectra normalized by the 
integral intensity of the CH stretching bands. The data points between 295 K and 302 K 
were not taken into account because of possible variations caused by normalization 
procedure. The intensity decrease of band (I) and the concomitant intensity increase of 
band (II) points out that the distortion of the tetrahedral H-bonded network is enhanced 
upon heating. It can be seen in Fig. 16 that the increase in H-bond network disordering 
begins at about Tph. The change in average of intensities with T is fitted by a linear 
regression and plotted as a dashed line which remains almost constant up to about 313 
K. Therefore, it can be concluded that the intensity changes of bands (I) and (II) which 
occur up to 313 K are not related to the water escape induced by heating. 
 According to the previous studies of water dynamics in hydrated protein 
powders or protein solutions, the dynamics of water in hydration shell is slower than in 
the bulk and water molecules may not be arrange strictly tetrahedraly [18,45,46]. It 
might lead to the partial distortion in hydrogen network of crystal in comparison with 
bulk water. At the same time, the fraction of bulk water belonging to the lysozyme 
crystal undergoes additional disordering of tetrahedral hydrogen network above Tph 
(Fig. 16). The structural change in the H-bond network of bulk water could be directly 
related to the phase transition mechanism, for example, play a role of trigger. 
 
4. Conclusions 
 The here presented Raman scattering study of the phase transition in tetragonal 
lysozyme crystals has revealed significant changes in high-frequency dynamics of 
protein. The dynamics of some certain elements of secondary structure, some amino 
acid residues and disulfide bridges changes upon heating above the phase transition. In 
particular, hydrogen bonds within α-helixes of lysozyme molecule got stronger and α-
helical structures become compressed which probably leads to their disordering in 
high-temperature phase. The frequency downshift of Tyr residues observed above Tph 
most probably indicates the changes in hydrogen bonding between Tyr and water of 
primary hydrogen shell. This points out at the important role of H-bond network 
rearrangements near the phase transition temperature.  
 The analysis of the temperature evolution of Trp, Tyr and Met Raman markers 
revealed a stable positioning of corresponding amino acid residues in protein molecule. 
There have been no changes found in hydrophobicity of Trp microenvironment in the 
whole investigated temperature range. It is evident that no corresponding changes in 
tertiary structure of lysozyme molecule occur at the phase transition. The changes 
mainly concern high-frequency dynamics of amino acid residues and S-S bonds: above 
Tph Trp residues exhibited increased fluctuations around the C2=C3–Cβ–Cα linkage and 
Met residues underwent an additional extension. At the same time ordering of C–S 
stretching vibrations and disulfide bridges having ggg conformation demonstrated 
disordering and stretched vibrational motions. 
 The bands of CH stretching region also demonstrate pronounced anomalies near 
307 K upon heating pointing at strong changes in high-frequency dynamics of protein 
at the phase transition. The phase transition is accompanied by ordering of symmetric 
and disordering of the CH3 stretching vibrations. Opposite, the symmetric CH2 
vibrations become disordered while the asymmetric ones ordered. Also the vibrational 
modes of CH3 groups become softer whereas CH2 modes exhibit hardening above Tph.  
 The phase transition in tetragonal lysozyme crystals is accompanied also by 
significant changes in water dynamics. The phase transition has been proved to be 
independent on crystal dehydration: the loss in water content of the lysozyme crystal 
was observed at higher temperatures relative to Tph. It has been found that an increase 
in distortion of tetrahedral hydrogen network of water occurred in the vicinity of Tph. 
This behavior indicates a disordering process in bulk water which could likely induce 
disorder within the tertiary structure of protein at the phase transition. The unusual 
temperature behavior of the lognormal component arising from low-frequency protein 
dynamics (band 70 cm-1 in Fig. 11) suggests that the protein could be strained by 
reorganization of water molecules. 
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Table 1 
The list of bands observed in Raman spectra of tetragonal lysozyme crystal and their 
assignment according to [15,17,18]. νsym and νas are symmetric and asymmetric stretching 
vibrations, respectively.   





























ggg disulfide bridges 
ggt disulfide bridges 
Met  
Trp (W18 mode) 
Tyr (Fermi doublet) 
Tyr (Fermi doublet) 
main chain vibration ν(Cα-C) 
main chain vibration ν(Cα-C) 
Phe (F1 mode) 
Trp (W16 mode) 
Tyr (Y9a mode) 
Tyr (combination of Y13 and Y6a modes)  
Tyr, Phe (F7a mode) 
Amide III 
Amide III 
Trp (Fermi doublet) 









  νas(CH3) 











Raman scattering geometry utilized in experiments with lysozyme crystals. ki and Ei are wave 
vector and polarization of incident light, ks and Es are wave vector and polarization of 






















Raman spectra of the tetragonal lysozyme crystal measured in frequency range of fingerprint 
region at different temperatures: 301 K (black line), 307 K (red line), 310 K (blue line), 314 K 
(yellow line) and 317 K (green line). The assignment of some peaks in Raman spectra to the 
vibrations of certain functional groups or structural elements of lysozyme molecule is shown 
in the Figure. The insert depicts the temperature dependence of relative integral intensity 
(Raman spectra were normalized by the total integral intensity) for Trp band located at 759 
cm-1. The color of the spectrum and the color of experimental points in the insert are the same 
for the same temperature. Dashed line shows that the black spectrum corresponds to the 














Temperature evolution of vibrational modes of tetragonal lysozyme crystal: (a) Raman 
spectrum of the crystal in the vicinity of amide I band and its fitting; (b) temperature 
dependence of frequency and bandwidth of amide I band; (c) Raman spectrum in the region of 
amide-III bands and their fitting; (d) temperature dependencies of Raman shifts of amide-III 
bands located at 1235 and 1259 cm-1; (e) Raman spectrum in the region of main chain 
stretching vibrations N-Cα-C and its fitting; (f) temperature dependencies of Raman shifts of 
bands originating from main chain stretching vibrations. All presented Raman spectra were 
measured at 298 K. The spectra obtained in Raman scattering experiment are plotted in panels 
(a), (c) and (e) by gray circles. The final function used for spectra fitting and fitting of certain 












Temperature dependences of frequency and bandwidth (HWHM is a half-width at half-
maximum) of 1552 cm-1 band arising from C2=C3 stretching vibrations of Trp indole rings. 
The values of Raman shift are shown by black squares, the values of HWHM – by gray 
circles. The inserts in the figure show locations of Trp residues in lysozyme molecule and 





















Temperature dependences of frequency and bandwidth (HWHM is a half-width at half-
maximum) of 1613 cm-1 band originating from C-C stretching vibrations within the aromatic 
ring of Tyr groups. The values of Raman shift are shown by black squares, the values of 






















Temperature evolution of 694 cm-1 band originating from C–S stretching vibrations of Met 
residues of lysozyme molecule: (a) Raman spectrum in the vicinity of the band and its fitting, 
the insert shows locations of Met residues in lysozyme molecule; (b) temperature 
dependencies of frequency and bandwidth (HWHM is a half-width at half-maximum) of the 














The Raman spectrum of tetragonal lysozyme crystal measured at 295 K (gray circles) with the 
result of its fitting (blue line) by Lorentzians (the band located at 2964 cm-1) and Gaussians 






















Temperature dependencies of frequencies and bandwidth of bands located in CH-stretching 

















(a) Low-frequency Raman spectrum of tetragonal lysozyme crystal and its fitting; (b) χ''(ω) 























Low-frequency Raman spectra of dry lysozyme (green line), 20% lysozyme aqueous solution 
(blue line) and lysozyme crystal measured at room temperature Troom (red line) and 310 K 
(black line). The data for dry lysozyme and lysozyme solution were taken from paper A. 






















Temperature dependence of Raman shift maximum for the band in low-frequency region 

























Temperature dependence of QES intensity obtained by the analysis of low-frequency Raman 
























Raman spectra in the frequency range of CH and OH stretching vibrations obtained from the 
tetragonal lysozyme crystal at 295 K (green line) and 319 K (red line) and the spectrum of dry 






















(a) The comparison of the differential Raman spectrum obtained by subtraction of dry 
lysozyme spectrum from the spectrum of tetragonal lysozyme crystal measured at 295 K (blue 
line) with the Raman spectrum of pure water (black line). The peaks (I), (II) and (III) are the 
result of water spectrum fitting. (b) Raman spectrum of tetragonal lysozyme crystal measured 
















The sum of integral intensities of OH stretching bands (peak (I) and peak (II)) of the 
























Temperature dependences of relative intensities for peaks (I) (black triangles) and (II) (black 
circles) and their average (II+III)/2 (gray squares). 
 
 
 
 
